Do e measurements made on and around the insertion devices (IDS) at the Advanced Photon Source are reported. Attempts are made to compare these dose rates to dose rates that have been reported to cause radiation-induced demagnetization, but comparisons are complicated by such factors as the particular magnet material and the techniques used in its manufacture, the spectrum and type of radiation, and the demagnetizing field seen by the magnet. The spectrum of radiation at the IDS has been measured and found to include a large high-energy (7 GeV) component, at least during some runs. Lead shielding installed immediately upstream of the IDS has been found to decrease the dose to the upstream ends of the IDS. It has almost no effect on the dose to the downstream ends of the IDS, however, since much of the radiation travels through the ID vacuum chamber and cannot be readily shielded. Opening the gaps of the IDS during injection and at other times also helps decrease the radiation exposure.
INTRODUCTION
The insertion devices (IDS) at the Advanced Photon Source (APS) use Nd-Fe-B permanent magnets to produce their magnetic field. Although NdFeB magnets are known to be sensitive to radiation damage (1-lo), no radiation damage has yet been observed in ID magnets at the APS. We seek to anticipate whether the dose levels presently being observed at the IDS are high enough to cause demagnetization within the desired 20-year lifespan of the IDS. The dose received by an ID at the European Synchrotron Radiation Facility (ESRF) after being installed for only one year was high enough to cause partial demagnetization of the ID magnets (l), so there is cause for concern at the APS as well.
These questions give rise to other questions: What is the dose required to damage the magnets and how does that depend on the spectrum of the radiation? What is the dose actually received by the ID magnets and what is its spectrum? How effective are the measures that have been and are being taken to reduce the dose to the ID magnets? These different questions will be examined below.
WHAT DOSE IS REQUIRED TO DAMAGE THE ND-FE-B MAGNETS?
Others have exposed magnets to various types of radiation and determined the exposure level at which damage occurred. Some of the work that has been done is not directly applicable to insertion device magnets, however, because the type of radiation used in the study (e.g., neutrons as opposed to electrons or photons) is not what is expected to cause radiation damage in a storage ring (1 l).
Some flux loss vs. dose results that are relevant to storage rings include work by Luna et al. ( 2) who exposed magnets to an 82 MeV direct electron beam. They measured a 1.5% remanence loss after only a 36 h a d exposure. When the radiation exposure was to bremsstrahlung from an 85-MeV electron beam, a 14% remanence loss was seen after exposure of one sample to 450 Mrad, whereas another magnet from a different manufacturer showed only 2% remanence loss after 1370 Mrad. At ESRF, the dose received by the ID whose magnets were partially demagnetized (1) was estimated to be 6.7 Mrad for the frst upper magnet and 5.1 Mrad for the frst lower magnet (12) . The peak field loss at the upstream end of the ID was nearly 8%, but the section of the magnets immediately above or below the particle beam showed greater demagnetization than the rest of the magnet (13). Colomp and BrSiuer (3) exposed some magnets to the direct 200 MeV electron beam from the ESRF linac. They observed demagnetization of from 1.9% to 2.7% after an exposure of 300 krad. These experiments were troubled, however, by a spatial variation of the dose by a factor of at least 200. The observed demagnetization could have actually consisted of higher levels of demagnetization that were localized to small regions of the magnet block where the actual dose was much higher. A consideration in attempting to use published results to determine lifetimes of APS ID magnets is that wide variation in radiation sensitivity between magnets fiom different vendors has been reported in a number of studies (2, 3, 5 -8).
Some differences can be attributed to the manufacturing process of the magnets (3, and some differences can be attributed to the presence of small amounts of other materials in the magnet mix (7) . Nd magnet technology has developed rapidly in recent years so that the magnet material used in the APS insertion devices was not available eight years ago; it would be expected that these advances in magnet technology might make a significant difference in the magnets' radiation sensitivity. In addition to effects based on the magnet material itself, there has been found to be an effect due to the strength of the demagnetizing field in which the magnet is placed while it is irradiated (6, 7) . If the demagnetizing field is stronger, the magnet will more readily demagnetize. This would mean that the probability of radiation-induced demagnetization in a particular ID would be a function of the magnetic design of that ID.
Any stabilization that the magnets may have undergone, either by exposure to a reverse field or to elevated temperature, may also influence the likelihood of radiation-induced demagnetization. If the small regions of a magnet block that will change their magnetization easily have already had their magnetization changed by the stabilization procedure, the block should be more resistant to further flux loss. The APS magnets were all stabilized before the IDS were assembled, so that temperatures up to 6OoC would not cause any demagnetization, nor would a demagnetizing field up to 1.2 Hc.
It is an interesting point that the magnet blocks that have demagnetized as a result of radiation damage can be remagnetized to full strength (4, (8) (9) (10) . While this would mean that ID magnets that have been partially demagnetized by radiation do not need to be replaced, it would not eliminate the need for a complete disassembly and reassembly of the ID magnetic structure. Also, the remagnetized and restabilized magnets might need to be sorted differently for the best overall magnetic results, and the ID would need a full magnetic tuning procedure. Therefore, although it would be possible to recover fiom radiation demagnetization of the ID magnets without purchasing new magnets, the recovery would not be painless.
The published results that are probably most applicable to the APS IDS are those fkom the study of Okuda et al. (4). The magnet blocks that were used in that study were manufactured by the Shin-Etsu Chemical Cop. (2-1-5 Kitago, Takefu, Fukui 915, Japan), as were many of the magnet blocks used in the APS IDS. The study was published in 1994; if the magnets were not manufactured much before that time then they would probably have used similar technology to that of the APS magnets fkom Shin-Etsu, which were purchased in 1995. The 9% flux loss observed after a 260 Mrad exposure is probably overly optimistic for APS ID magnets, however, since the study was performed with single magnet blocks rather than with an assembled ID magnetic structure in which a demagnetizing field is imposed on the blocks. A different demagnetizing field can change the dose required for a particular flux loss by well over one order of magnitude (7).
WHAT DOSE LEVELS ARE OBSERVED AT APS?
The first running period with IDS installed and with the 8-mm aperture vacuum chamber was in the late fall of 1995 through January 1996. Dose measurements made during that time alerted us to the need to provide some radiation shielding for the insertion devices. Injection efficiency was quite low during much of the run, and for long periods of time beam was being injected even though it was not being successfully stored. When the dosimeters were removed and read out, two of the three installed IDS were found to have been exposed to extremely high radiation doses. The response of the TLDs saturates at exposures over about 300 la-ad, so it is difficult to know the actual dose to within a factor of 2, but it is estimated to have been as high as (1 6) films (1 7). Doses are not uniform fiom sector to sector, even for those sectors that are far from the injection point. In the early runs, there would usually be a sector where the dose was much higher than other sectors, but this high-dose sector would vary from run to run. Now that more operational experience has been gained so that the operation of the storage ring is more routine, some systematics in where the dose levels are higher are beginning to be seen. Unexplained incidences of a high dose somewhere that only occurs during one run are still found, however. It is of interest to look at the doses that have been accumulated during the approximateIy 2 1 weeks of total running time that occurred from when a run began on 1O/SEP/96 until a run ended on 4/MAY/97. Dosimeters are mounted on the upstream and downstream ends of the ID magnetic structures, fastened to the outside of the last pole, near the ID gap. The doses recorded here will be a measure of the exposure to the magnetic structure because they open and close with the gap. The accumulated dose by sector from these dosimeters is shown in Fig. 1 . (This accumulated dose may not all have been to one particular ID, however, because some IDS were exchanged between runs for mechanical upgrades.) Additional dosimeters have also been mounted on the ID vacuum chambers immediately upstream of the ID and at the same distance from the vacuum chamber as the dosimeter on the magnetic structure when the ID is at minimum gap. The total dose in this location, shown in Fig. 2 , reflects the sector-to-sector variation in the dose levels. The sector-to-sector variation is not the same for each run, however. As can be seen in Fig. 1 , the IDS in three separate sectors have accumulated a total dose of 1.1 or 1.2 Mrad during this time period, and IDS in three other sectors have accumulated 0.5 Mrad, In yet another sector (sector 3 3 , the total of 0. 5 Mrad was accumulated in the approximately 8 total weeks of running time between 2/18/97 and 5/4/97 (no ID was installed there for any earlier runs).
WHAT DIFFERENCE DOES THE TYPE OF RADIATION MAKE?
The type of radiation to which the magnets are exposed has been found to be significant. A number of studies that exposed magnets to 1.17 MeV 6oCo y-rays (2,4, 8) found no radiation-induced demagnetization, despite total doses as high as 280 Mrad (4). This, combined with the demagnetization seen with lower doses of higher-energy radiation quanta, suggests that the spectrum of the radiation is very important in determining whether there will be damage. It is probably not important whether the energy quanta in the incident radiation are electrons or photons as long as the energy of the incident quanta is high enough to cause a radiation shower, because the shower will consist of both electrons and photons no matter what the incident radiation.
Clearly, then, because 1 MeV gammas do not cause demagnetization whereas 17 MeV electrons do (4), one needs to know the spectrum of radiation to which the magnets are exposed in order to predict the likelihood of damage. An experiment was carried out at the APS to determine whether the dose rates being measured at the IDS were from high or low energy quanta. A multi-layered sandwich of alternating Pb and film dosimeters was placed so the dosimeters were approximately 30 mm directly above the positron beam, as shown in Fig. 3 . The dose as a hnction of depth of Pb was measured, and the results are shown in Fig. 4a . For comparison, the absorbed energy as a function of depth in Pb due to a 6.3-GeV cascade is shown in Fig. 4b (1 8) . The depth at which the peak dose occurs is a function of the energy of the incident quanta. sition of the Pb shielding is marked on the graph; note that it has no effect on the distribution of doses measured at the face of there is no gap between the Pb shielding and the vacuum chamber. The Pb does the vacuum chamber, despite the fact that by traveling through the vacuum chamber. So although the shielding dramatically reduces the radiation dose at the upstream end of the ID, where it would otherwise usually be highest, it has essentially no effect on the lower dose levels at the downstream end. The other drawback of the Pb shielding is that it cannot be placed in every sector. In some sectors, the total ID length is nearly as long as the small-gap region of the vacuum chamber, so that no Pb can be installed with a small enough gap to protect the ID. Another means that is used to reduce the radiation dose to the magnets is to open the gaps for injection. This is also done at the Advanced Light Source (ALS) in Berkeley where it is found to be effective (19). Figure 6 shows the total dose measured during a 6-week running period at the fmt poles of each of the installed insertion devices. Dosimeters were also mounted immediately upstream of the first pole of each ID, at the same distance fiom the vacuum chamber as the dosimeter on the first pole would be if the ID were at minimum gap. Thus, the difference in dose rates indicates the amount of dose the upstream end of the ID was spared by having the gap open when the ID was not being used.
SUfiIMARY
The rate of radiation dose accumulation for the APS IDS has been and will continue to be measured. No radiationinduced demagnetization of the APS IDS has been observed to date. Attempts to compare these dose levels to dose levels where damage has been reported by others are complicated by factors such as the energy spectrum of the radiation and type of radiation, the magnet manufacturing technique and the demagnetizing field at the magnet blocks. The radiation spectrum has been measured and found to be high enough in energy to cause demagnetization. Lead shielding placed upstream of the IDS has helped reduce the dose to the upstream ends of the IDS but has much less effect at the downstream ends. Opening the ID gaps during injection and when the ID is not in use is also effective in reducing the dose.
